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Abstract
Additive manufacturing has become a highly researched topic in recent years all over the
world. The current research evaluates the merits of additive manufacturing based on the
mechanical, microstructural, and fracture properties of additive manufactured AlSi10Mg test
specimens. The additive manufactured build plates consisted of tensile and fatigue test
specimens. They were printed in the 0°, 30°, 60°, and 90° orientations relative to the build
platform. Tensile and dynamic fatigue tests were conducted followed by microstructural
characterization and fracture analysis. A wrought 6061 T6 aluminum alloy was also tested for
comparison. Tensile tests revealed similar ultimate tensile strengths for all aluminum tensile
specimens (350-380 MPa). Fatigue strength was greatest for wrought 6061 T6 aluminum (175
MPa). The fatigue behavior was a strong function of build orientation for the additive
manufactured specimens. The 0°, 30°, and 60° orientations had fatigue strengths close to 104
MPa while the 90° orientation had a fatigue strength of 125 MPa. All test specimens failed
primarily in a ductile manner. The effect of laser power, hatch spacing, and scan speed were also
studied using microstructural analysis. Increasing laser power decreased grain size and void size.
Increasing scan speed led to the formation of columnar grains. Increasing hatch spacing
decreased grain size and the amount of voids present in the microstructure.

Keywords: Additive manufacturing, Aluminum, Fractography, Microstructure, Mechanical
properties
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1. Introduction and Background
The desire to produce lightweight, near net shape parts in industry has become a highly
researched topic. Aluminum alloys are generally used because they are lightweight, possess
relatively good mechanical properties, are thermally and electrically conductive, and corrosion
resistant. They are traditionally manufactured via casting, forging and extrusion [1]. Typical
casting techniques such as die casting, permanent mold casting and sand casting require extra
steps after processing before parts can be used for their desired application. Casting techniques
also have limitations and defects. They require precise process control. An improper casting
procedure can cause porosity and inclusions. These defects have a negative impact on
mechanical properties. The poor mechanical properties are also due to the poor grain structure
caused by low cooling rates of the manufacturing processes [1].
Research is being done in the area of additive manufacturing to speed up production time
without sacrificing mechanical properties. Additive manufacturing (AM) is defined as “a process
of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies” according to ASTM. Pierre Ciraud’s patent in 1971,
describing an application for manufacturing objects by using an energy to solidify powders onto
a substrate, is the first to resemble the AM that is used today. In the 1990s, selective laser
sintering of polymer coated metal powders was the first AM process that was applied to metals.
First, selective laser sintering melts the polymer powder together. Second, the resulting part is
placed in a furnace that burns the polymer leaving a porous metal part. Finally, the porous part is
infiltrated with bronze to remove the porosity. Selective laser sintering is an indirect AM
process. The first direct metal AM machine was used in 1995 on a pre-alloyed copper-rich
material [2]. Current materials used in AM include aluminum alloys, cobalt based alloys, nickel
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based alloys, stainless steels, titanium alloys, and copper alloys. AM can also use precious metal
alloys such as jewelry gold and silver. Aluminum alloys used for AM include AlSi10Mg,
AlSi7Mg, and AlSi12. Metal powders must be spherical in shape and have a general size
distribution between 10-50 µm. The type of material depends on the desired material properties.
[3].
Additive manufacturing has advantages that set it apart from other processing techniques.
The ease of producing complex parts is the main advantage of AM [1]. It can be used to print
parts with back tapers, cooling channels, customizable porous structures, and hollow structures
[4]. The AM process can essentially print any design created in a CAD file. The process also
produces minimal waste. The metal powder that is not sintered together can be reused. Additive
manufacturing, however, has disadvantages that are associated with the process. The main
disadvantages include poor surface quality, poor dimensional accuracy, and poor material
properties [1]. Other disadvantages include high production costs, slow build rates, and there are
currently limited size and volumes that can be produced at one time. These problems make it
difficult for AM to be accepted as a primary production process. Further research regarding
additive manufactured parts’ mechanical and material properties is needed for process validation.
The main objective for this work is to determine the relationship between processing,
mechanical properties, microstructure, and fracture mechanisms. Two areas of study will be
focused. The first area of study is the effect build orientation has on mechanical properties. The
second area of study is the effect build orientation has on microstructure and mode of fracture.
The third area of study is the effect build parameters has on microstructure. An understanding of
these relationships can help improve the additive manufacturing processes and assist in
optimizing the design process.
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2. Literature Review
2.1.

Aluminum and Aluminum Alloys

Aluminum alloys are highly sought after because they are lightweight and have excellent
corrosion resistance. Pure aluminum does not possess great mechanical properties unless it is
alloyed with other metals. Aluminum, in its pure state, has a yield strength of 34.5 MPa and a
tensile strength of 90 MPa. In order to reach the higher strengths required for different
applications, aluminum has to be alloyed with other metals. Alloying metals include copper,
magnesium, silicon, manganese, nickel, and zinc. These metal additions also help produce alloys
with varying ductility [5].
The two general aluminum alloy classes are wrought and cast alloys. Casting alloys are
cast into molds while wrought alloys are first cast and then extruded, rolled, or forged into their
fixed shapes [6]. The benefits of cast alloys include a lower initial cost and the ability to make
complex shapes. The benefits of wrought alloys include higher fatigue strength, better surface
finish, and decreased internal defects such as porosity [7].
The wrought alloy, 6061 aluminum, was first developed in 1935. It is a common heattreatable alloy that is lightweight and possesses relatively high strength. The alloy also has good
corrosion resistance, machinability, and toughness. The 6061 T6 Aluminum alloy consists of
aluminum, 0.8-1.2% Mg, and 0.4-0.8% Si. It also contains small amounts of Cr, Cu, Fe, Mn, Ti,
and Zn. The density of 6061 T6 aluminum is 2.7 g/cm3. 6061 T6 aluminum has an ultimate
tensile strength of 310 MPa, a yield strength of 276 MPa, and an elongation at break between 12
and 17%. The alloy’s fatigue strength is 96.5 MPa [8]. Applications for 6061 T6 aluminum
include construction materials, aircraft and automotive components, beverage containers, and
structural pipes [6].
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The aluminum die casting alloys 360, A360, and 383 have compositions containing 9.011.5% Si and 0.1-0.6% Mg, which is comparable to the alloy used for this research. The alloys
have ultimate tensile strengths ranging from 303 to 317 MPa, yield strengths ranging from 150 to
170 MPa, and elongation values ranging from 2.5-3.5%. The fatigue strengths for the alloys
range from 120 to 145 MPa. These values are for the as-cast condition [9].

2.2.

Additive Manufacturing

Additive manufacturing can be applied to metals, ceramics, polymers, and composites.
Metals are manufactured using powder bed, powder feed, and wire feed systems [10]. The
powder bed system starts by laying a bed of powder on the work area. A laser is then focused
onto the metal powder to melt it in the shape provided by the CAD drawing. After the first layer
is completed, a second layer of powder is raked over the work area and the laser is focused to
melt the second layer design. The process continues until the final layer is melted. Advantages of
powder bed systems include dimensional control and the ability to produce internal passages.
Powder bed techniques provide the greatest geometrical flexibility and accuracy [11]. The
powder feed system is similar except the powder is placed on the work area and melted at
essentially the same time. Advantages of powder feed systems include larger build volume and
the ability to refurbish damaged parts. Wire feed systems melt a wire in the form of a 3-D object
layer by layer. It has a higher deposition rate and larger build volumes but it also produces parts
with lower surface quality.
The layer-by-layer processing causes time-dependent temperature profiles within the
specimen. The changes in temperature lead to the formation of fine cellular-dendritic structures
in the microstructure. The repeated melting and solidification during processing causes unusual
microstructures not found in other processing techniques. AM does however produce fine grain
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sizes which improve mechanical properties [10]. The process of AM produces a unique
macrostructure which depends on the direction of scanning and build orientation, unlike alloys
fabricated by casting. The microstructure of an aluminum cast alloys consists of lamellar
structure of Si particles in an Al matrix while AM has a unique microstructure as well as a
unique macrostructure. Two typical macrostructural features observed in AM components
include overlapping weld pools, generally half cylindrical in shape, and discontinuous weld
pools which are caused by variations in depth and shape of the weld pools. The AM process also
produces three main microstructural features. The three features are a coarse fusion zone, a fine
fusion zone inside the weld pool, and a heat affected zone. Each zone is dependent on the
amount of heat felt by the laser passes [12].

2.3.

Al-10Si-Mg

The alloy AlSi10Mg is a casting alloy because it is close to the eutectic composition
(12.5% Si). AlSi10Mg is a hypoeutectic alloy. The small percentage of Mg allows for natural
hardenability [13]. It is generally used for parts with complex geometries. Its properties include
good casting properties, good strength and hardness, and high dynamic properties. The alloy can
be used in applications such as aerospace interiors, motorsports, and automotive vehicles because
it is lightweight and it has good thermal properties. AlSi10Mg contains 9-11% silicon and 0.20.45% magnesium. The alloy also contains a small percentage of other metals such as iron,
copper, manganese, and nickel. It has a density of 2.67 g/cm3. The cast alloy, when used for
additive manufacturing, has relatively good mechanical properties. Mechanical properties for the
alloy change depend on the direction the stresses are being applied. It has a tensile strength of
460 ± 20 MPa, a yield strength of 270 ± 10 MPa, and an elongation at break of (9 ± 2) % when
built in the horizontal direction. It has a tensile strength of 460 ± 20 MPa, a yield strength of 240

6
± 10 MPa, and an elongation at break of (6 ± 2) % when built in the vertical direction. The
alloy’s fatigue life is approximately 97 ± 7 MPa when built in the vertical direction [13].
AlSi10Mg is a typical alloy used in AM because it is relatively easy to process due to its
near-eutectic composition. The composition causes the alloy to have a small solidification range
which is desirable for AM processes. However, the alloy does bring challenges to the AM
process. AlSi10Mg has a high reflectivity and a relatively low melting point [14].
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3. Specific Objectives
The specific objectives of this research, on additive manufactured AlSi10Mg specimens,
are the following:
•

Evaluate tensile properties

•

Analyze fatigue behavior

•

Study microstructural features

•

Investigate fracture morphologies

•

Correlate SLM processing-mechanical properties-microstructure-fracture
mechanisms
o Determine the effect of build orientation on mechanical properties
o Determine the effect of build orientation on microstructure and fracture
modes
o Determine the effect of processing parameters on microstructure
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4. Experimental Methods
4.1.

Materials

The additive manufactured test specimens were constructed using an aluminum alloy
containing 10% silicon and 0.26% magnesium. The specimens were built on a 10-inch by 10inch build platform which can be seen in Figures 1 and 2. Figure 1 shows the specimens used for
the fatigue tests. Figure 2 contains the Charpy impact and tensile test specimens. Each type of
specimen was built in directions of 0°, 30°, 60°, and 90° relative to the build platform. The
specimens were removed from the build platform and machined to the proper testing size.
Wrought 6061 aluminum test specimens were also used to compare with the additive
manufactured test specimens. Wrought 6061 aluminum was chosen based on price and
availability.
Table I contains the build parameters for the 3-D printed test specimens used for the
current research. The parameters vary depending on what part of the specimen the laser is
focused on. Stripes are considered to be the area in the middle section of the specimen. The upskin is considered the top layers that will have no sintered material above it. The down-skin is
considered the lower layers of the specimen that will not have any sintered material below them.
Post-contour is used after the other passes along the edge of the specimen to improve surface
finish [15].
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Figure 1. Build plate of AlSi10Mg fatigue specimens

A separate set of nine additive manufactured AlSi10Mg specimens were constructed with
varying process parameters. The process parameters include laser power, scan speed, and hatch
spacing. Global energy density is calculated from the following equation:

The parameters for each specimen are presented in Table II. The laser power varies between 333
W and 370 W, the scan speed varies between 1170 mm/s and 1430 mm/s and the hatch spacing
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varies between 0.171 mm and 0.208 mm. The global energy densities range from 1.11 and 1.85
J/mm2. Each of the nine specimens were built in the 90° orientation.
Table I. Build parameters for AlSi10Mg additive manufactured test specimens

Stripes
Hatch Spacing
0.19 mm
Speed
1300 mm/s
Power
370 W
Beam Offset
0.02 mm
Stripe Width
7 mm
Stripes Overlap
0.02 mm
Layer Thickness
0.03 mm
Up Skin
Hatch Spacing
0.21 mm
Speed
1000 mm/s
Power
360 W
Thickness
0.09 mm
Overlap with
inskin
0.02 mm
Min. length
0.2 mm
Down Skin
Hatch Spacing
0.21 mm
Speed
1150 mm/s
Power
340 W
Thickness
0.06 mm
Overlap with
inskin
0.02 mm
Min. length
0.2 mm
Post Contour 1
Standard OnPart DownSkin
Speed
900
900
500 mm/s
Power
80
80
60 W
Post Contour 2
Standard OnPart DownSkin
Speed
900
900
400 mm/s
Power
85
85
70 W
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Figure 2. Build plate of AlSi10Mg tensile and Charpy specimens
Table II. Process parameters for additive manufactured AlSi10Mg samples (for microstructure study)

Sample
Number
1
2
3
4
5
6
7
8
9

Power
(W)
333
370
333
370
333
370
333
370
370

Scan Speed
(mm/s)
1170
1170
1430
1430
1170
1170
1430
1430
1300

Hatch Spacing
(mm)
0.171
0.171
0.171
0.171
0.209
0.209
0.209
0.209
0.190

Global Energy Density
(J/mm2)
1.66
1.85
1.36
1.51
1.36
1.51
1.11
1.24
1.50
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4.2.

Tensile Tests

Tensile testing is completed in order to determine mechanical properties of a material.
The properties include ultimate tensile strength, yield strength, and percent elongation. Tensile
testing is carried out using a hydraulic testing machine which is paired to a computer program. It
is done using cylindrical or parallel-piped specimens loaded in uniaxial tension along the length
of the specimen. The data collected from the computer program is used to plot a stress versus
strain curve. From the curve, the ultimate tensile strength can be determined. For brittle
materials, the ultimate tensile strength is the stress at fracture while for ductile materials, the
ultimate tensile strength is the stress when necking begins [16].
An MTS Landmark servohydraulic Test System, Figure 3, was used for all tensile testing.
The tensile testing was completed in accordance to the ASTM standard E8/E8M [17]. Each
tensile test specimen was placed in the jaws of the MTS Landmark machine. The gage diameter
of the specimens was 8.89 mm and the gage length was 44.45 mm. During the test, a computer
recorded values for stress and strain at a rate of 10 Hz. All tests were performed until final
fracture. The data collected was used to create a stress versus strain curve for each specimen to
determine the ultimate tensile strength, yield strength, and percent elongation at fracture.
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Figure 3. MTS Landmark servohydraulic test system used for tensile tests

4.3.

Fatigue Tests

“Fatigue is the progressive, localized, permanent structural change that occurs in
materials subjected to fluctuating stresses and strains that may result in cracks or fracture after a
sufficient number of fluctuations” [18]. Fatigue testing is essential for predicting the in-service
behavior of a material. In most applications, parts are subjected to cyclic loads throughout their
life. In order for fatigue failure to occur, there must by cyclic stress, tensile stress, and plastic
strain. The fatigue strength of a material can be determined by using a stress-based approach.
The stress-based approach utilizes an S-N curve. An S-N curve plots stress versus number of
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cycles on a log scale. However, for certain materials, such as aluminum alloys, there is no fatigue
endurance limit. In these instances, a design stress must be specified. The fatigue process
consists of three stages. The first stage is crack nucleation and crack initiation. The second stage
is cyclic growth of the crack. The final stage is complete fracture [18].
A Systems Integrators L.L.C. Model RBF-200 rotating beam fatigue testing machine,
Figure 4, was used for all fatigue testing. The frequency for each test was 5,000 cycles per
minute. After securing the fatigue samples in place, the machine was increased slowly to the
desired frequency and the poise weight was moved along the moment arm to the desired
moment. The moment was calculated using the equation M = 0.0982SD3, where S is the desired
bending stress in psi and D is the minimum cross sectional diameter in inches. The minimum
cross sectional diameter for the fatigue specimens was 6.35 mm. The tensile test results were
used to determine the desired bending stress for the fatigue tests. The tests were carried out until
final fracture, or until the test had reached ten million cycles. Ten million cycles were the
criterion for determining the fatigue limit.

Figure 4. Systems Integrators L.L.C. Model RBF-200 rotating beam fatigue testing machine
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4.4.

Microstructural Analysis

The microstructure of mechanically tested aluminum samples were analyzed to determine
the effects laser powder bed additive manufacturing had on grain structure. The microstructure
was studied using a Leica microscope with a Leica software application suite. Tensile and
fatigue test samples were sectioned and mounted in a phenolic thermoset polymer using a hot
mounting press. The mounted samples were successively polished using 120, 320, 480, and 600
grit sandpaper followed by final 5 µm and 1 µm alumina slurry on a felt polisher. The polished
samples were etched using Keller’s reagent which consisted of 95mL water, 2.5mL HNO3,
1.5mL HCl, and 1.0mL HF. Microstructural pictures were taken at 100x, 200x, 500x, and 1000x
magnifications using the Leica microscope.

4.5.

Fracture Analysis

“Examination of the fracture surface with the unaided eye, with optical microscopes, and
with electron microscopes should be carried out in order to establish the mechanism of fracture”
[19]. Determining the mechanism of fracture assists in determining why a specimen broke and
how the problem can be fixed or improved. A scanning electron microscope (SEM) is used to
help determine the mechanism of fracture. An SEM uses an electron beam which sends electrons
to the fracture surface. The electrons bounce off the surface and are collected. Once the electrons
are received, a topographical image is generated. The SEM assists in determining regions of
fracture such as crack initiation sites, crack propagation zones, and final fracture zones [18].
A LEO 1430VB scanning electron microscope was used to study the fracture surfaces of
failed aluminum test specimens. A secondary electron detector was used over a 26x to 1000x
magnification range. Fracture surface images were taken at the crack initiation point(s), crack
propagation zone, and final fracture zone. The images were then studied to determine the
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mode/type of failure for each sample. Energy-dispersive X-ray spectroscopy (EDAX/EDS) was
also carried out using the LEO 1430VB SEM. EDAX/EDS is used for elemental analysis of a
material.

17

Results and Discussion
4.6.

Tensile Tests

The tensile data for wrought 6061 aluminum and additive manufactured AlSi10Mg is
presented in the following section. The stress strain curves for the additive manufactured samples
are presented in Figure 5 and the ultimate tensile strengths for each specimen are presented in
Figure 6. ALW and ALP, in Figure 6, refer to the wrought 6061 T6 aluminum and the additive
manufactured aluminum respectively. The change in elastic modulus is relatively small between
build orientations.

Figure 5. Stress-strain curve for additive manufactured tensile specimens with different build orientations
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Figure 6. Ultimate tensile strengths for wrought and additive manufactured aluminum samples with four
build orientations

Figure 7 summarizes the average ultimate tensile strengths for both wrought and additive
manufactured tensile specimens. The wrought aluminum had the highest tensile strength of 384
MPa. The additive manufactured samples had a range of tensile strengths between 349 and 373
MPa.
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Figure 7. Average ultimate tensile strengths for wrought and additive manufactured aluminum samples with
four build orientations

Figure 8 is the elongation values for the wrought and additive manufactured aluminum
tensile specimens. Figure 9 is a compilation of the yield strengths for the additive manufactured
tensile specimens. The elastic modulus is summarized in Figure 10. The wrought 6061 T6
aluminum alloy had the highest elongation with about 4%. For additive manufactured specimens,
elongation varied depending on build orientation. The 60° and 90° had the lowest elongation
with about 2% and the 0° and 30° had the higher elongation with about 3%. Both yield strength
and elastic moduli are nearly unaffected by build orientation. The yield strengths were within 8%
of each other and the ultimate tensile strengths were within 5% of each other. The 30° orientation
has the highest values followed by the 0°, 60°, and 90° build orientation.
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Figure 8. Elongation for wrought and additive manufactured tensile specimens with four build orientations

Figure 9. Yield strength for additive manufactured tensile specimens for the four build orientations
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Figure 10. Elastic modulus for wrought and additive manufactured tensile specimens with four build
orientations

The additive manufactured test specimens produced relatively high mechanical strengths
when compared to cast alloys with similar compositions. The ultimate tensile strengths ranged
from 349 to 373 MPa and the yield strengths ranged from 214 to 232 MPa. The ultimate tensile
strengths of additive manufactured specimens had up to an 18% increase in strength when
compared to aluminum alloys with similar compositions produced via traditional die casting
methods. The yield strengths were also 36% higher than traditional die cast aluminum alloys [9].
The increase in ultimate strength and yield strength can be attributed to the very fine grain sizes
present in additive manufactured samples. Microstructures with small grain sizes have more
grain boundaries which prevent dislocation movement therefore increasing a material’s strength.
The finer grain size, however, has a negative impact on elongation of a material which can be
seen in the additive manufactured test specimens. The elongation of the additive manufactured
test specimens ranged from 1.7 to 3.4% [9]. The 90° and 60° had lower elongation values
followed by 30° having the next highest and 0° having the highest elongation values. The 90°
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and 60° orientations produced lower elongation values compared to traditional die cast aluminum
alloy and the 30° and 0° orientations had similar elongation values of die cast aluminum alloys.

4.7.

Fatigue Tests

The fatigue results are presented as S-N curves in Figures 11-15. There were only four
samples for each build orientation of the additive manufactured AlSi10Mg alloy. The small
number of samples, due to budgetary restrictions, limits the level of uncertainty in the results.

Figure 11. S-N curve for 6061 aluminum (arrows indicate sample did not break)

Figure 11 presents the S-N curve for wrought 6061 T6 Aluminum. The samples were
tested at stresses of 230, 192, 179, 171, 160, and 134 MPa. The sample tested at 171 MPa broke
after reaching the endurance limit of 10,000,000 cycles. The sample tested at 179 MPa broke
before reaching the endurance limit. Therefore, the endurance limit occurs between 171 and 179
MPa.
Figure 12 presents the S-N curve for the additive manufactured AlSi10Mg alloy built in
the 0° direction. The samples were tested at stresses of 134, 107, 101, and 99 MPa. The fatigue
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test specimen broke at a stress of 107 MPa while the sample tested at 101 MPa did not break.
Therefore, the endurance limit is between 107 and 101 MPa for the additive manufactured
aluminum alloy built at a 0° orientation.

Figure 12. S-N Curve for Additive Manufactured AlSi10Mg Built in the 0° orientation (arrows indicate no
failure occurred)

Figure 13 presents the S-N curve for the additive manufactured AlSi10Mg alloy built in
the 30° direction. The samples were tested at stresses of 134, 107, 99, and 91 MPa. The sample
tested at 107 MPa broke before reaching 10 million cycles while the sample tested at 99 MPa did
not break. Therefore, the endurance limit for the 30° oriented aluminum alloy is between 107 and
99 MPa.
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Figure 13. S-N Curve for Additive Manufactured AlSi10Mg Built in the 30° orientation (arrows indicate no
failure occurred)

Figure 14 presents the S-N curve for the additive manufactured AlSi10Mg alloy built in
the 60° direction. The samples were tested at stresses of 134, 107, 104, and 99 MPa. The sample
tested at 107 MPa broke before reaching 10 million cycles while the sample tested at 104 MPa
did not break. Therefore, the endurance limit for the 60° oriented aluminum alloy is between 107
and 104 MPa.
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Figure 14. S-N Curve for Additive Manufactured AlSi10Mg Built in the 60° orientation (arrows indicate no
failure occurred)

Figure 15 presents the S-N curve for the additive manufactured AlSi10Mg alloy built in
the 90° direction. The samples were tested at stresses of 160, 134, 117, and 107 MPa. The
sample tested at 134 MPa broke before reaching 10 million cycles while the sample tested at 117
MPa did not break. Therefore, the endurance limit for the 90° oriented aluminum alloy is
between 134 and 117 MPa.
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Figure 15. S-N Curve for Additive Manufactured AlSi10Mg Built in the 90° orientation (arrows indicate no
failure occurred)

Figure 16 contains all of the S-N curves. Figure 17 summarizes the results from the
rotating beam fatigue tests. Wrought 6061 T6 aluminum has the highest endurance limit
followed by the 90°, 60°, 0°, and 30° built AlSi10Mg alloy. The additive manufactured
aluminum alloy’s endurance limit ranged from 59 to 72% of the wrought aluminum endurance
limit. The endurance limits were determined from the average of the upper and lower moments
in which the fatigue specimens were tested.
The lower fatigue strength of additive manufactured aluminum can be attributed to the
presence of defects in the test specimens. Inclusions were found during SEM/EDAX analysis of
the fracture surfaces. Cracks initiated at inclusion sites on the outer edges of the fatigue
specimens. Unmelted powder also acted as crack initiation sites which was found on the outer
edges of the test samples.
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Die casting however, does have better fatigue strength when compared to additive
manufactured aluminum. The additive manufactured fatigue specimens built in the 0°, 30°, and
60° orientations only possessed about 70% of the fatigue strength as traditional die cast
aluminum alloys. It is proposed that this is due to the porosity present in the samples. The fatigue
strength for additive manufactured samples built in the 90° orientation was similar to that of
typical die cast aluminum alloys. The increased strength can be explained through
microstructural analysis.

Figure 16. S-N curve containing data for wrought and printed samples
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Figure 17. Fatigue strength for wrought and additive manufactured aluminum with four different build
orientations

4.8.

Microstructural Characterization

Figure 18 is the microstructure of a wrought 6061 aluminum tensile specimen.
Magnesium-silicon-iron precipitates can be seen in an aluminum matrix. Based on previous
studies, precipitates that may be present include Fe3SiAl12 and Mg2Si.
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Figure 18. Microstructure of a wrought 6061 aluminum tensile specimen exhibiting precipitates. Etched with
Keller’s reagent

Figure 19 is the microstructure of an additive manufactured tensile specimen built in the
0° orientation. The microstructure exhibits overlapping weld pools. The weld pools are halfcylindrical in shape and have wide variations in their degree of overlap.
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Figure 19. Microstructure of an additive manufactured aluminum tensile specimen printed in the 0°
orientation showing distinct weld pools. Etched with Keller’s reagent

Figure 20 is the microstructure of an additive manufactured tensile specimen built in the
30° orientation. The microstructure shows overlapping weld pools with distinct boundaries.
Compared to the 0° orientation, the weld pools in the 30° orientation have less overlap and they
have a more irregular shape.
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Figure 20. Microstructure of an additive manufactured aluminum tensile specimen printed in the 30°
orientation containing larger weld pools than figure 17. Etched with Keller’s reagent

The microstructure of an additive manufactured tensile specimen built in the 60°
orientation is presented in Figure 21. Overlapping weld pools with distinct boundaries can be
seen. The weld pools have varying shape and degrees of overlap.
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Figure 21. Microstructure of an additive manufactured aluminum tensile specimen printed in the 60°
orientation showing irregularly shaped weld pools. Etched with Keller’s reagent

Figure 22 is the microstructure of an additive manufactured tensile specimen built in the
90° orientation. The microstructure contains overlapping weld pools. The weld pools have
varying shapes and discontinuities. The variations are due to the weld pools being produced in
different layers.
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Figure 22. Microstructure of an additive manufactured aluminum tensile specimen printed in the 90°
orientation containing cross sections of different weld pools. Etched with Keller’s reagent

Figures 19-22 provide an opportunity to directly compare the microstructures of additive
manufactured parts with varying build orientations. The microstructures of the 0°, 30°, and 60°
orientations, consist of distinct overlapping weld pools. There are two general grain type
formations surrounding the weld pools located inside the weld pool boundaries and on the weld
pool boundaries themselves. The inner sections of the weld pools are made up of small, less than
1 µm in diameter, relatively circular grains. The weld pool boundaries have slightly larger, 1-5
µm in diameter, circular grains accompanied by some longer, more columnar shaped grains. The
90° build orientation microstructure consists of melt pools, produced in different layers, with
varying shape and discontinuity. The grain structure is similar to the other orientations regarding
size and shape. The major difference is the uniformity and size of the weld pools. The formation
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of weld pool boundaries is a result of overlapping laser tracks. The powder is melted twice
causing the boundaries to grow larger grains due to the melting-cooling-melting-cooling
temperature cycle [4].
Unlike the 0°, 30°, and 60° oriented samples, the 90° build orientation had a
microstructure containing inconsistent weld pool sizes and orientations. Weld pools from
different layers are clearly visable in Figure 22. Inconsistencies in the microstructure require
crack initiation to follow a more torturous path before final fracture occurs. The crack has to
grow through weld pools while with the other build orientations, the crack can grow along the
weld pool boundaries. Growing cracks through the weld pools is more torturous because of the
finer grain size of the weld pool interior. The finer grain size requires a greater strength for
fracture to occur.
Figures 23-31 are the microstructures of the additive manufactured AlSi10Mg alloy with
varying SLM processing parameters. The processing parameters include laser power, scan speed,
and hatch spacing. They are used to calculate the global energy density. The microstructures
contain characteristic features such as columnar grains, weld pool boundaries, dendrites, pores,
and voids. The size or amount of each characteristic is related to the processing parameters.
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Figure 23. Microstructure showing voids and weld pool boundaries with columnar grains. Etched with
Keller’s reagent

Figure 24. Microstructure exhibiting less voids than figure 20 with columnar grains. Etched with Keller’s
reagent
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Figure 25. Microstructure containing dendrites, along weld pool boundaries, and voids. Etched with Keller’s
reagent

Figure 26. Microstructure exhibiting weld pool boundaries with dendrites and columnar grains. Etched with
Keller’s reagent
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Figure 27. Microstructure containing columnar grains along the grain boundaries. Etched with Keller’s
reagent

Figure 28. Microstructure exhibiting less columnar grains than figure 25. Etched with Keller’s reagent
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Figure 29. Microstructure containing a dendritic type structure along the weld pool boundaries. Etched with
Keller’s reagent

Figure 30. Microstructure containing voids and weld pool boundaries. Etched with Keller’s reagent
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Figure 31. Microstructure exhibiting voids and dendrites along weld pool boundaries. Etched with Keller’s
reagent

The variation of processing parameters had a direct impact on microstructural features
such as grain size, grain shape, voids, and pores. Effects of changing laser power can be seen by
comparing Figure 23 with 24, Figure 25 with 26, Figure 27 with 28, and Figure 29 with 30. The
power increased from 333 W to 370 W. Increasing laser power causes a decrease in grain size. It
also decreases the size of voids. A lower laser power will have a lower energy input. The low
energy input does not allow the particles to enter into an adequate liquid phase. If particles do not
become fully liquid, they cannot combine efficiently which leaves voids in the microstructure
[1]. Effects of changing scan speed can be seen by comparing Figure 23 with 25, Figure 24 with
26, Figure 27 with 29, and Figure 28 with 30. The scan speed increased from 1170 mm/s to 1430
mm/s. As the scan speed is increased, the grains become less columnar in shape along the weld
pool boundaries. A high scan speed allows previous material on the scan track to cool faster. The
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faster cooling rates lead to faster solidification of the powder. Powder that solidifies faster does
not have the chance to grow towards the heat input as long, which decreases the length of the
grains. The effects of changing hatch spacing can be seen by comparing Figure 23 with 27,
Figure 24 with 28, Figure 25 with 29, and Figure 26 with 30. Hatch spacing was increased from
0.171 mm to 0.209 mm. As hatch spacing is increased, grain size decreases and they become less
columnar in shape. A higher hatch spacing increases the distance of one weld track to another.
The increased distance allows for particles on a previous weld track to cool faster. The faster
cooling rate prevent the grains from growing as long as a shorter hatch spacing would allow.
Voids also become less abundant as hatch spacing increases. Figure 31 contains the
microstructure with a high laser power and a median scan speed and hatch spacing. The grains
are not columnar in shape and there are relatively high amount of voids and pores.

4.9.

Fractography

Fracture analysis was completed following failure for selected tensile test specimens. The
fracture surfaces were analyzed using an SEM. Pictures were taken at varying magnifications
between 26x and 1000x. Fractograph images include crack initiation points, crack propagation
zones, and final fracture zones.
4.9.1. Tensile Fracture
Figure 32 contains the fracture surface for a wrought 6061 aluminum tensile specimen.
Figure 32 (a) is the crack initiation point. The crack initiated along a machine groove, indicated
by the arrow. The crack propagation and final fracture zones consist primarily of ductile fracture
features. The ductile fracture features seen are ductile ridges and numerous dimples.
Figure 33 contains the fracture surfaces for an additive manufactured aluminum tensile
specimen printed in the 0° direction. The arrow in Figure 33 (a) indicates the crack initiation
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point. Laser powder bed additive manufacturing leaves the aluminum tensile specimen porous
seen in Figure 33 (b). The arrow in Figure 33 (c) identifies an inclusion. Inclusions act as crack
initiation sites and decrease the strength of a material. Figure 33 (d) is the final fracture zone.
The specimen broke in a primarily ductile manner.

a

b

c

Figure 32. Fracture surface of a wrought 6061 aluminum tensile specimen (a) crack initiation site (b) crack
propagation zone (c) final fracture zone

Figure 34 presents the fracture surfaces for an additive manufactured aluminum tensile
specimen printed in the 30° direction. Figure 34 (a) is an image of the crack initiation site,
indicated by an arrow. Figure 34 (b) is an image of the final fracture zone. The tensile specimen
broke in a primarily ductile manner.
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Figure 35 is the fracture surface of a tensile specimen printed in the 30° orientation that
was used for EDAX analysis. The fracture surface shows the crack initiation point with unmelted
powder along the edges of the sample. The results of the EDAX analysis are presented in Table
III.

a

b

c

d

Figure 33. Fracture surface of an additive manufactured aluminum tensile specimen printed in the 0°
orientation (a) crack initiation site (b) crack propagation zone (c) inclusion site (d) final fracture zone

Figure 36 contains the fracture surfaces for an additive manufactured aluminum tensile
specimen printed in the 60° direction. The crack initiation point is indicated by the arrow in
Figure 36 (a). Figure 36 (b) is the crack propagation zone containing inclusions, indicated by
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arrows. Figure 36 (c) is an image of the final fracture zone consisting of primarily ductile
features.

a

b

Figure 34.Fracture surface of an additive manufactured aluminum tensile specimen printed in the 30°
orientation (a) crack initiation site (b) final fracture zone

Figure 35. Fracture surface of an additive manufactured tensile specimen printed in the 30° orientation
containing unmelted powder (marked by the crosshair)
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Table III. EDAX analysis of unmelted powder on the edge of a tensile specimen printed in the 30° orientation
(location marked in Figure 34)

Element Wt%

a

At%

MgK

00.18

00.20

AlK

81.45

82.03

SiK

18.37

17.77

Matrix

Correction ZAF

b

c

Figure 36. Fracture surface of an additive manufactured aluminum tensile specimen printed in the 60°
orientation (a) crack initiation site (b) fracture surface containing inclusions (c) final fracture zone
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Figure 37 presents the fracture surfaces for an additive manufactured aluminum tensile
specimen printed in the 90° direction. An arrow in Figure 37 (a) indicates the crack initiation
point. The crack initiated at an inclusion located on the outer edge of the specimen. Figure 37 (b)
is the final fracture zone. The specimen fractured in a primarily ductile manner.

a

b

Figure 37. Fracture surface of an additive manufactured aluminum tensile specimen printed in the 90°
orientation (a) crack initiation site (b) crack propagation zone

4.9.2. Fatigue Fracture
Figure 38 presents fractographs for a wrought 6061 aluminum fatigue specimen. The
crack initiation points can be seen in Figure 38 (a) and at a higher magnification in Figure 38 (b).
The crack propagates radially outward into the specimen. Figure 38 (c) shows primarily ductile
fracture features such as ductile ridges. The sample also contains numerous pores.
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a

b

c

Figure 38. Fracture surface of a wrought 6061 aluminum fatigue specimen (a) crack initiation site (b) higher
magnification of crack initiation site (c) final fracture zone

Figure 39 shows the fracture surfaces for an additive manufactured AlSi10Mg fatigue
specimen printed in the 0° orientation. Figure 39 (a) is an image of the complete fracture surface.
Figure 39 (b) presents the crack initiation point for the fatigue specimen. The crack appears to
propagate in a partially melted zone containing pores. Figure 39 (c) is the final fracture zone. The
final fracture contains ductile and brittle fracture features.
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a

b

c

Figure 39. Fracture surface of an additive manufactured aluminum fatigue specimen printed at 0° (a)
fracture surface (b) crack initiation site (c) higher magnification of fracture surface

Figure 40 provides fractographs of an additive manufactured AlSi10Mg fatigue specimen
printed in the 30° orientation. The entire fracture surface of the fatigue specimen is presented in
Figure 40 (a). Figure 40 (b) includes the crack initiation site and the crack propagation zone. The
crack propagates in a radial direction outward from the crack initiation site. The crack initiated at
an inclusion site. Figure 40 (c) is the final fracture zone containing primarily ductile fracture
features. The higher magnification images show the porosity present in the specimen.
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a

b

c

Figure 40. Fracture surface of an additive manufactured aluminum fatigue specimen printed at a 30°
orientation (a) entire fracture surface, (b) crack initiation site, (c) final fracture zone

Figure 41 is an image of the fracture surface of a fatigue specimen printed in the 30°
orientation. The image contains the crack initiation site which occurred at an inclusion site. The
results of the EDAX analysis of the inclusion are presented in Table IV.
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Figure 41. EDAX location of an inclusion found on the edge of an additive manufactured fatigue specimen
printed in the 60° orientation (marked by the crosshair)
Table IV. EDAX analysis of an inclusion site (location marked in Figure 40)

Element

Wt%

At%

OK

25.13

38.81

NaK

17.95

19.30

AlK

06.82

06.25

SiK

07.29

06.42

SK

03.38

02.60

ClK

27.02

18.84

KK

08.73

05.52

CaK

03.69

02.27

Matrix

Correction

ZAF
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Figure 42 contains the fractographs for an additive manufactured AlSi10Mg fatigue
specimen printed in the 60° orientation. Figure 42 (a) is the entire fracture surface for the sample.
Figure 42 (b) shows a crack initiation site. The crack initiated at the arrow and radiated outward
throughout the sample. Figure 42 (c) is the final fracture zone consisting of primarily ductile
features. Pores can also be seen throughout the specimen.

a

b

c

Figure 42. Fracture surface of an additive manufactured aluminum fatigue specimen printed at a 60°
orientation (a) entire fracture surface, (b) crack initiation site, and (c) final fracture zone

Figure 43 is the fracture surface of a fatigue specimen printed in the 60° orientation. The
image contains the crack initiation site which occurred at a pore. The results of the EDAX
analysis of the pore are presented in Table V.
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Figure 43. EDAX location of a pore located on the edge of an additive manufactured fatigue specimen printed
in the 60° orientation (marked by the crosshair)
Table V. EDAX analysis of a pore (location marked in Figure 41)

Element

Wt%

At%

MgK

00.00

00.00

AlK

100.00

100.00

SiK

00.00

00.00

Matrix

Correction

ZAF

Figure 44 presents the fractographs for an additive manufactured AlSi10Mg fatigue
specimen printed in the 90° orientation. Figure 44 (a) contains the entire fracture surface. Figure
44 (b) includes the crack initiation site and crack propagation zone. The crack appears to
propagate from a machining groove. The arrow indicates the initiation site. Figure 44 (c) shows
the final fracture zone which consists of ductile and brittle features. It contains cleavage planes,
ductile dimples, and ductile ridges.
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a

b

c

Figure 44. Fracture surface of an additive manufactured aluminum fatigue specimen printed at a 90°
orientation (a) entire fracture surface, (b) crack initiation point, (c) higher magnification of fracture surface

Figures 32 through 44 are fracture surfaces of tensile and fatigue aluminum test
specimens. All fracture surfaces display primarily ductile fracture features. The fracture surfaces
contain ductile ridges, dimples, and they exhibit a honeycomb type structure. A small percentage
of brittle cleavage planes are seen throughout the fracture surfaces. Pores are also seen
throughout the structure. Porosity is influenced by laser power, scan speed, and the interaction
between scan speed and hatch spacing. The three types of porosity typically found in additive
manufactured samples are porosities due to incomplete melting, porosities due to gas entrapment,
and shrinkage porosities. Porosities due to incomplete melting are generally found on weld pool
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boundaries. This can be fixed by increasing laser power and/or decreasing scan speed and/or
decreasing hatch spacing. The increase in laser power can help ensure all powder particles are
melted. Decreasing scan speed will allow the laser to have increased application time to the
powder ensuring complete melting occurs. Decreasing the hatch spacing will also decrease
porosity because it can ensure there is less area that the heat from the laser will miss. The main
cause of entrapped gas porosity is the turbulent flow that occurs inside of the weld pools [1].
Pores in the structure act as stress concentrations which decrease dynamic strength [1].
EDAX analysis of a fatigue sample, Figure 43, proves a crack initiated at a pore located near the
edge of the sample. Another reason for crack initiation is from inclusions along the edge of the
sample. EDAX analysis identified an example inclusion found in an additive manufactured
fatigue specimen, (Figure 41). Lack of melting also causes an issue for mechanical testing.
Unmelted powder can also act as a crack initiation site and unmelted regions were observed in
additive manufactured tensile specimens, (e.g. Figure 35).
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5. Conclusions
The following conclusions can be made regarding the present research on an additive
manufactured AlSi10Mg alloy:
•

The ultimate tensile strength for the 0°, 30°, 60°, and 90° orientations are ~18%
better than traditional cast alloys (370 MPa vs 310 MPa).

•

The yield strength for the 0°, 30°, 60°, and 90° orientations are ~36% better than
traditional cast alloys (220 MPa vs 160 MPa).

•

The fatigue strength at 107 cycles for the 0°, 30°, 60° are ~70% of traditional cast
alloys strengths (~105 MPa vs 125 MPa), and the 90° orientation had a similar
fatigue strength cast alloys with similar compositions (~125 MPa).

•

The microstructure of additive manufactured AlSi10Mg contains overlapping
weld pools with varying grain sizes due to the large temperature gradients from
SLM processing.

•

The fracture surfaces of the additive manufactured fatigue and tensile specimens
showed predominately ductile fracture characteristics for all build orientations,
demonstrating higher level of toughness.

•

Additive manufactured AlSi10Mg contains pores and voids because of the lack of
complete melting and poor particle fusion during SLM processing

•

Increasing laser power decreases the grain size and decreases the size of voids.
This is due to the increased energy input allowing for more efficient melting.

•

Increasing scan speed causes the grains to become less columnar in shape along
weld pool boundaries due to increased cooling rates.
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•

Increasing hatch spacing increases grain size and causes them to become less
columnar in shape. This is attributed to increased cooling rates and farther
distance from the heat of the laser.
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6. Recommendations for Future Work
The research conducted opened new opportunities for future work. The following are
suggestions to help better understand additive manufacturing of AlSi10Mg:
•

Conduct mechanical tests on a cast AlSi10Mg alloy and compare with the
additive manufactured results. This will provide a better comparison between
alloys with a similar composition but different processing methods.

•

Perform more fatigue tests on additive manufactured AlSi10Mg specimens at 0°,
30°, 45°, 60°, and 90° orientations to obtain a more accurate fatigue strength.

•

Evaluate the effects of post-processing heat treatment on additive manufactured
AlSi10Mg with regards to mechanical properties and microstructure. Heat
treatment of alloys can lead to increased mechanical properties and a more
desirable microstructure.

•

Quantify the effects of processing parameters with respect to mechanical
properties and porosity in the microstructure. Quantifying these results will
provide better conclusions regarding the effects of changing processing
parameters.
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